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T
heendoplasmic/sarcoplasmicreticulum(ER/SR)isamulti-
functional organelle responsible for important cellular pro-
cesses, including protein maturation, lipid metabolism, Ca
2þ
signaling, and stress response. The ER/SR serves as an intracel-
lularCa
2þstore,andactivationofCa
2þreleasechannels,namely,
inositol trisphosphate and ryanodine receptors, controls physio-
logical functions such as muscle contraction, secretion, metabo-
lism, and transcription.
1,2 In addition, the ER is the site for
synthesis and maturation of both membrane and secretory
proteins, enforcing protein glycosylation, disulﬁde bridging,
folding, and subunit assembly. When misfolded proteins accu-
mulate within the lumen, the ER stress response is activated
according to severity, leading to the recruitment of ER chaper-
ones, inhibition of protein synthesis, and induction of apoptotic
cell death.
3,4 The activity of molecular chaperones, protein-
processing enzymes, and metabolic enzymes of the ER largely
depends upon the high luminal Ca
2þ level.
Uptake of Ca
2þ into and release of Ca
2þ from intracellular
stores are electrogenic processes. Therefore, active Ca
2þ ﬂuxes
may be synchronized with the movements of other ionic species
that compensate for charge imbalance across the ER/SR
membrane.
5,6 We have recently identiﬁed TRIC channel sub-
types that function as monovalent cation channels and probably
support release of Ca
2þ from the ER/SR of various cell
types.
7-10ItislikelythatthevitalfunctionoftheER/SRrequires
rapid and ﬂexible control of the ionic balance between the
luminal and cytoplasmic sides. To understand the ionic home-
ostasis across the ER/SR membrane, it is important to further
characterize the functional properties of its constituent ion
channels and transporters in the intracellular membrane system.
Skeletal and cardiac muscle SR is specialized as the intracel-
lular Ca
2þ store for controlling contraction and abundantly
contains Ca
2þ-handling proteins such as Ca
2þ-ATPase, calse-
questrin, and ryanodine receptors.
2 Muscle SR is, therefore, an
ideal model system for studying Ca
2þ store functions. To
understand the molecular basis of Ca
2þ stores, we have searched
for novel SR proteins using monoclonal antibodies (mAbs) and
previously identiﬁed mitsugumin 23 (MG23) with a mature
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ABSTRACT: Mitsugumin 23 (MG23) is a 23 kDa transmem-
brane protein localized to the sarcoplasmic/endoplasmic reticu-
lum and nuclear membranes in a wide variety of cells. Although
the characteristics imply the participation in a fundamental
function in intracellular membrane systems, the physiological
role of MG23 is unknown. Here we report the biochemical and
biophysical characterization of MG23. Hydropathicity proﬁle
and limited proteolytic analysis proposed three transmembrane
segmentsintheMG23primarystructure.Chemicalcross-linking
analysis suggested a homo-oligomeric assembly of MG23. Ultrastructural observations detected a large symmetrical particle as the
predominant component and a small asymmetric assembly as the second major component in highly puriﬁed MG23 preparations.
Single-particle three-dimensional reconstruction revealed that MG23 forms a large bowl-shaped complex equipped with a putative
central pore, which is considered an assembly of the small asymmetric subunit. After reconstitution into planar phospholipid
bilayers, puriﬁed MG23 behaved as a voltage-dependent, cation-conducting channel, permeable to both K
þ and Ca
2þ. A feature of
MG23 gating was that multiple channels always appeared to be gating together in the bilayer. Our observations suggest that the
bowl-shaped MG23 can transiently assemble and disassemble. These building transitions may underlie the unusual channel gating
behavior of MG23 and allow rapid cationic ﬂux across intracellular membrane systems.2624 dx.doi.org/10.1021/bi1019447 |Biochemistry 2011, 50, 2623–2632
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molecular size of 23 kDa.
11 Although MG23 is abundantly
expressed in the SR and nuclear membranes of striated muscle
cells, its expression is also detected in a wide variety of cell types.
The ubiquitous distribution suggests that MG23 may contribute
to a common function in intracellular membrane systems. A
recent study demonstrated that mutant thymocytes lacking
MG23 became resistant to DNA damage-induced apoptosis,
suggesting a role in the generation of ER-derived cell death
signals.
12 The physiological function of MG23, however, is still
unknown.Inthisreport,weprovide biochemicalandbiophysical
data suggesting that MG23 forms a massive homomultimeric
complex, which can conduct cations, including Ca
2þ, across the
intracellular membrane systems.
’MATERIALS AND METHODS
AntibodyandTopologyAnalysis.ForproducingmAbs,two
synthetic peptides corresponding to the N-terminal and C-term-
inal MG23 sequence were conjugated with a carrier protein and
repeatedly injected into mice to generate hybridoma cells.
11
Immunochemical experiments established two clones, mAb7
(mAb-N) and mAb251 (mAb-C), which specifically recognize
the corresponding antigen epitopes. To examine the transmem-
brane topology of MG23, we prepared SR vesicles from rabbit
skeletal muscle
13 and isolated ER vesicles from HEK293 cells
transfected with MG23 expression plasmids.
14 After the treat-
ment of the vesicles with proteinase, the digestion profiles of
native and recombinant MG23 were examined using mAbs as
described previously.
15 For further details, see the Supporting
Information.
Affinity Purification of Native and Recombinant MG23.
For purification of native MG23, microsomal proteins were
solubilized with NP-40 from rabbit muscle SR vesicles and
reacted with affinity resin conjugated with mAb-N. After the
resin had been extensively washed, MG23 was recovered with a
buffer containing the epitope peptide. For production of recom-
binant MG23 using a methylotrophic yeast system (Invitrogen),
a His tag sequence (Hisx6) was inserted into the rabbit MG23
cDNA at the site immediately downstream of the N-terminal
signal sequence. The total microsome was prepared from yeast
cells expressing His-tagged MG23, and the recombinant protein
was solubilized with NP-40 or n-dodecyl β-D-maltoside (DDM)
and purified using combined Ni and mAb-C affinity chromatog-
raphy. For further details, see the Supporting Information. The
purified MG23 preparations were used for chemical cross-link-
ing, ultrastructural imaging, and channel recording.
Particle Image Analysis. After affinity purification, MG23
was further purified by density gradient centrifugation. For
immunodecoration of MG23, mAbs were reacted with the
purified preparations. MG23 particles with or without the mAb
decoration were applied to thin carbon films, negatively stained,
and examined using electron microscopy (EM). For three-
dimensional (3D) reconstruction of MG23 structures,
7,16 parti-
cle images for the large bowl-shaped and asymmetric small
structures were automatically picked up from the electron
micrographs.
17,18Theparticleimagesineachlibrarywerealigned
rotationally and translationally
19-21 and classified into clus-
ters.
22,23 The resulting class averages were used as new refer-
ences,andthecyclefromalignmenttoclassificationwasrepeated
until convergence. On the basis of the symmetry of averaged
images,6-foldsymmetrywasimposedinthefollowingcomputation
of the large particles. No symmetry was assumed for the small
particles. After convergence, a Euler angle was assigned to each
average image,
24 and a primary 3D model was reconstructed
using simultaneous iterative reconstruction techniques.
25 To
optimize 3D reconstruction, reprojection images were created
from the 3D model and used for realignment of the original
particle images.
26 The aligned particles were classified again, and
a Euler angle of each average was assigned so as to be the best
correlation to the 3D reprojection image. The computational
steps were repeated until a stable 3D model was obtained. For
further details, see the Supporting Information.
Planar Phospholipid Bilayer Measurements. Native and
recombinant MG23 proteins were solubilized and purified with
eitherNP-40orDDM.FordetergentexchangeinpurifiedMG23
preparations, gel filtration chromatography was performed using
a buffer solution containing 16 mM CHAPS and 16 mM 1,2-
dimyristoyl-sn-glycero-3-phosphocholine(DMPC).Then,CHAPS
was dialyzed using a dialysis membrane with a cutoff size of
12 kDa (Medicell International Ltd.) against a buffer containing
0.1 M NaCl, 0.1 mM EGTA, 25 mM PIPES (pH 7.4), 0.15 mM
CaCl2,and2.5mMDTT(exchangedevery4hfor16h).Purified
native and recombinant MG23 proteins were fused with planar
phosphatidylethanolamine lipid bilayers as previously descri-
bed.
27Thetranschamberwasheldatgroundandthecischamber
at potentials relative to ground. To examine if MG23 could
behave as an ion channel permeable to monovalent cations or
anions, we used symmetrical (in both cis and trans chambers)
bathing solutions containing either 260 mM KCl, 20 mM
HEPES, and 15 μM free Ca
2þ (pH 7.2) or 260 mM K-PIPES
and 15 μM free Ca
2þ (pH 7.2). To investigate if MG23 is
permeable to Ca
2þ, we perfused the cis chamber with 250 mM
HEPES, 80 mM Tris, and 15 μM free Ca
2þ (pH 7.2) and filled
the trans chamber with a solution containing 250 mM glutamic
acid and 10 mM HEPES (pH 7.2) with Ca(OH)2 (free Ca
2þ
concentration of 65 mM). The free Ca
2þ concentration and pH
of solutions were measured at 22 C using a calcium electrode
(Orion 93-20) and Ross-type pH electrode (Orion 81-55) as
described previously.
27 Single-channel events were recorded on
digitalaudiotape.MG23recordingswerefilteredat600kHz(-3
dB) and digitized at 20 kHz using Pulse (HEKA, Elektronik
Lambrecht/Pfalz). The amplitude of channel openings was
determinedusingWinEDRversion3.05(J.Dempster,University
of Strathclyde, Glasgow, U.K.) using manually controlled cur-
sors. Noise analysis was performed with WinEDR version 3.05.
The current fluctuations across the bilayer were subdivided into
multiple segments in time with each segment containing N
samples. The mean current for each segment was calculated
with the formula
Imean ¼
∑
N
i¼1
IðiÞ
N
where I(i) is the amplitude of the ith current of the N samples in
the segment. The mean current values were then plotted versus
time. The relative Ca
2þ/K
þ permeability ratio (PCa2þ/PKþ)o f
MG23 was calculated using the Fatt-Ginsborg equation:
28
PCa2þ=PKþ ¼½ Kþ =4½Ca2þ  expðErevF=RTÞ½expðErevF=RTÞþ1 
where R, T, and F have their usual meanings and Erev is the zero-
current reversal potential. The value of RT/F used was 25.4 mV
at 22 C. Erev was determined under bi-ionic conditions (cis,
210mMK
þ;trans,65mMCa
2þ)andwastakenasthevoltageat2625 dx.doi.org/10.1021/bi1019447 |Biochemistry 2011, 50, 2623–2632
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which no current was detected. Erev was corrected for the liquid
junction potentials arising between the different solutions. The
junction potential was calculated to be -3 mV using Clampex
version 10.2 (Molecular Devices, Sunnyvale, CA).
’RESULTS
Three Transmembrane Segments Proposed for MG23.
After the N-terminal signal peptide of 33 amino acid residues
is removed from the primary translational product (Figure 1A),
mature MG23 is localized as a 23 kDa membrane protein in the
skeletal muscle SR.
11 No mobility shift after the treatment of
glycosidase and thiol-reducing agents in sodium dodecyl sulfate-
polyacrylamidegelelectrophoresis (SDS-PAGE) has suggested
that mature MG23 is not subjected to obvious post-translational
modifications such as glycosylation and disulfide linkage.
11
Although the Prosite database search detected no conserved
motif sequences or domain structures, the hydropathicity profile
suggests multiple membrane-spanning segments in MG23
(Figure 1B). First, we examined the transmembrane topology
ofMG23inthemuscleSR.MG23wasdetectedasaproteinband
witharelativemolecularmassof∼19kDaviaSDS-PAGE.This
band remained even after extensive digestion with proteinase K
and was shown to be highly proteinase resistant in SR vesicles
prepared under isotonic conditions. However, after proteinase
treatments, we detected a cleaved product of ∼16 kDa, which
was recognized by mAb-N but not by mAb-C (Figure 1C).
Therefore,theproteinase-insensitiveN-terminusisassignedto
the luminal side, and conversely, the proteinase-sensitive
C-terminus probably faces into the cytoplasm.
We further introduced the FLAG tag sequence at hydrophilic
sites in the MG23 primary structure and prepared ER vesicles
from cultured cells expressing the FLAG-tagged MG23 proteins
for proteolytic analysis (Figure 1D). The region around residue
Figure 1. Membrane topology analysis of MG23. (A) Signal sequence (SP) and proposed transmembrane segments in MG23 aligned sequences.
Aminoacidresiduesarenumberedfromtheinitiatingmethionine,andsetsofidenticalresiduesamongtheanimalspeciesaremarkedwithasterisks.The
sites inserted with a FLAG tag for the topology analysis are also indicated. Our topology analysis predicted three transmembrane segments (TM1-
TM3); the termini of each segment are tentatively assigned. Rab, rabbit; Mou, mouse; Hum, human. (B) Hydropathicity proﬁle of MG23. The
hydropathicity was calculated using the Kyte-Doolittle algorithm with a window size of 19 residues. The N-terminal signal peptide (SP), putative
transmembrane segments (TM1-TM3), and FLAG tag sites (Tag 1-3) are indicated. (C) Topology analysis of MG23 using skeletal muscle SR
vesicles. TheSRvesiclesweretreatedwithproteinase Katseveral concentractions(Pro K,microgramspermilliliter) inthepresenceorabsenceof0.1%
SDS. Proteolyticproﬁles were examinedvia Western blottingusingmAb-N, mAb-C,or the antibody to calsequestrin (CSQ,SR luminalmarker protein
as a control). (D) Topology analysis of FLAG-tagged MG23 in ER vesicles. HEK293 cells were transfected with expression plasmids carrying FLAG-
tagged MG23 cDNAsand harvested for the preparation of ER vesicles under isotonic conditions. The ER vesicles were treated with proteinase Kin the
presence or absence of SDS.Proteolytic proﬁles were examined via immunoblottingusing mAb-N, mAb-C,mAb against the FLAG tag,or the antibody
to protein disulﬁde isomerase (PDI, ER luminal marker protein). Size markers are indicated in kilodaltons.2626 dx.doi.org/10.1021/bi1019447 |Biochemistry 2011, 50, 2623–2632
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119(Tag2site)wasresistanttoproteinasedigestionbutbecame
proteinase-sensitive when the FLAG tag was introduced.
Therefore, the Tag 2 site is reasonably assigned to the cyto-
plasmic side and may be associated with the membrane
environment in the original form of mature MG23. On the
other hand, no obvious diﬀerence in digestion pattern was
observed by insertion of the tag at the Tag 1 and Tag 3 sites,
suggesting their localization on the luminal side of the ER/SR.
Taken together, the proteolytic analysis data predict three
transmembrane segments, which are arranged in MG23 ac-
cordingtothepositive-insiderule.
29Inthismodel(Figure3C),
of the 210 amino acid residues that composed the mature
MG23,thecytoplasmic region contains59 residues(28%), the
transmembrane region carries 65 residues (31%), and the
luminal region possesses 86 residues (41%).
Homo-Oligomeric Assembly of MG23. Native MG23 was
solubilized from rabbit SR vesicles and purified using mAb
affinity chromatography (Figure S1A of the Supporting In-
formation). Although purified preparations contained a few
impurities, including Ca
2þ-ATPase (∼100 kDa protein), no
proteins were coenriched with MG23 during the affinity pur-
ification. Moreover, recombinant His-tagged MG23 was ex-
pressed in metanotrophic yeast (Figure 2A) and highly purified
usingcombinedaffinitychromatography(>95%purityviaSDS-
PAGE). Both preparations were used to characterize the struc-
tural and electrophysiological properties of MG23 in this study.
When native and recombinant MG23 preparations were reacted
with chemical cross-linkers, immunoblotting detected the gen-
eration of homo-oligomeric products (Figure 2B). For example,
cross-linking by disuccinimidyl glutarate generated oligomeric
complexes, up to a hexamer, in both native and recombinant
MG23preparations(FigureS1BoftheSupportingInformation).
The observations suggest that MG23 forms at least a homohex-
amer as a putative self-assembly unit.
MG23 Particle Imaging. After the negative staining, purified
recombinant MG23 was examined by EM (Figure 3A). Most
particles were round-shaped or bowl-shaped, which probably
represent vertical or lateral views, respectively. We frequently
detected round-shaped particles with electron-dense rim, inter-
preted to be the views of the MG23 particle perpendicular to the
membrane. Putative side views clearly show asymmetry with
respecttothemembrane;oneendiswiderandtheothernarrower.
To examine the topological orientation to the SR/ER membrane,
recombinant MG23 particles were reacted with mAb to the
N-terminal His tag (mAb-His) and mAb-C, and the resulting
MG23-mAb complexes were analyzed by EM (Figure 3B).
Although we frequently detected MG23 particles bearing multiple
antibodies, mAb-His predominantly attached to the wider side of
the particle, while mAb-Creacted withthe narrower side. The EM
observation, together with the proteolytic topology assay, suggests
thatthenarrowsideoftheMG23particlefacesthecytoplasmwhile
the wide side is oriented to the ER/SR lumen (Figure 3C).
3D Reconstruction of Bowl-Shaped MG23 Particles. To
understand the molecular shape of MG23, we reconstructed its
3D structure by the single-particle reconstruction technique.
Purified recombinant MG23 protein was adsorbed to the grid,
blotted with the filter paper, negatively stained, and recorded by
EM. MG23 particles were selected from the digitized films using
our program, and a total of 11175 images were picked up for 3D
reconstruction (Figure 4). The surface representation demon-
strates that MG23 is a bowl-shaped molecule, 12 nm in height,
16 nm in side length, and 17 nm diagonally at the widest
transmembraneregion.Becauseofthesymmetryoftheaveraged
top view (Figure 4A, left-most panel, second row), we applied
6-fold symmetry in this reconstruction. Projection from the final
density map (Figure 4A, row 4) compares well with the corres-
ponding raw particle images (Figure 4A, row 1), indicating that
our 3D reconstruction is consistent with the data set. The
presumed position of the membrane is indicated by the trans-
parentbluebandinFigure3C,sothatthevolumeratioacrossthe
membrane fits to the topology model based on the hydropathi-
city and protein chemical data. In height, the transmembrane
region of the bowl-shaped structure is ∼3 nm, the cytoplasmic
domainextends∼5nm,andtheluminaldomainextends∼4nm.
In the serial sections of this structure (Figure S2 of the Support-
ing Information), the thickness of the lateral wall is 28-35 Å in
the transmembrane region. A plot of the Euler angles of 163
adopted class averages shows the nearly random orientation of
MG23 on the grid surface (Figure S3A of the Supporting
Information). According to the Fourier shell correlation (FSC)
function, the resolution limit for the reconstruction is 2.0 nm by
the correlation coefficient of 0.5 criterion (Figure S3B of the
Supporting Information). The final reconstruction included
9172 particle images (82% of all the selected images).
3D Reconstruction of Smaller-Sized MG23 Particles. Dur-
ing the EM analysis described above, we realized that the
recombinant MG23 preparations always contained considerable
amountsofasymmetricparticlesthatwererelativelysmallerthan
the bowl-shaped particle (Figure 3A). We also detected similar
EM images showing the coexistence of the larger and smaller
particles in native MG23 preparations purified from rabbit
skeletal muscle (data not shown). Therefore, we also tried to
reconstructthe3Dstructureofthesmaller-sizedparticles.Atotal
of 1707 images of the smaller particles were collected from the
digitized films and used for 3D reconstruction. Because no
symmetry was observed in the averaged images or the raw
Figure 2. Puriﬁcation and cross-linking of MG23. (A) Puriﬁcation of
recombinant MG23 from cDNA-transfected yeast cells. The cell lysate
fraction, microsomal fraction, Ni aﬃnity-puriﬁed fraction, and immu-
noaﬃnity-puriﬁed fraction were analyzed via SDS-PAGE. Proteins
were visualized by Coomassie blue staining, and recombinant MG23
ismarkedwith anarrowhead. (B)Cross-linking ofpuriﬁedrecombinant
MG23. An aﬃnity-puriﬁed recombinant MG23 preparation was treated
with the cross-linker disuccinimidyl glutarate at concentrations of
10
-6-10
-3 M, and the resulting products were examined by immuno-
blotting using mAb-N; monomeric to hexameric products are num-
bered. Size markers are indicated in kilodaltons.2627 dx.doi.org/10.1021/bi1019447 |Biochemistry 2011, 50, 2623–2632
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images, we reconstructed the smaller-sized molecule assuming
nointramolecularsymmetry.Thesurfacerepresentationdemon-
strates that the smaller asymmetric structure has a roughly
crescent-shaped appearance, 14 nm in height, 11 nm in side
length, and 6 nm in narrow side length (Figure 5). The almost
random orientation of the particles on the grid surface was
also shown by a plot of the Euler angles of the 117 adopted class
averages(FigureS3CoftheSupportingInformation).According
to the FSC function, the resolution limit for the smaller-sized
structure is 3.6 nm by the correlation coefficient of 0.5 criterion
(Figure S3D of the Supporting Information). The final recon-
struction included 1699 particle images (99% of all the
selected images).
Considering that the MG23 preparations were subjected to
the EM analysis after aﬃnity puriﬁcation and size fractionation
using sucrose gradient centrifugation, which were shown to be
highly puriﬁed by SDS-PAGE, the concomitance of the large
and small particles likely suggests that MG23 is easily disas-
sembled and reassembled during puriﬁcation and storage. We
considered that the smaller particles constitute a partial domain
of the bowl-shaped assembly (see Discussion and Figure S4 of
the Supporting Information).
MG23 Conducts Cations. To investigate the possibility that
MG23 plays a role in the transport of ions across the ER/SR, we
reconstituted purified recombinant MG23 into planar lipid
bilayers in symmetrical solutions of 260 mM KCl. Most incor-
porations into the bilayer consisted of the apparent insertion of
multiple channels; however, on rare occasions, we observed
what appeared to be opening events to a single consistent
single-channel level. A representative experiment is shown in
Figure 6A. The current-voltage relationship of these channel
events(Figure6B)yieldedaconductanceof85.1(5.3pS(n=3;
mean(standarddeviation).Asimilarconductanceof88.2(2.9
pS (n = 5) was observed in symmetrical solutions of 260 mM
K-PIPES (Figure 6C), indicating that MG23 preferentially
conducts cations.
MG23 is expressed in intracellular membranes, including the
SR/ER Ca
2þ-store membranes, and therefore, it is important to
investigate if it is permeable to Ca
2þ. To test this, we incorpo-
rated recombinant MG23 into bilayers using solutions that are
typically used to monitor Ca
2þ currents through ryanodine
receptor channels:
27 250 mM Tris/HEPES and 15 μMC a
2þ
on the cis side and 65 mM Ca
2þ on the trans side. Under these
conditions, we observed single-channel current ﬂuctuations
indicating that Ca
2þ is ﬂowing in the trans to cis direction
through MG23 (Figure 6D). No channel activity was observed
in solutions of symmetrical 250 mM Tris/HEPES, demonstrat-
ing that the channel is not permeable to Tris or HEPES (Figure
S5 of the Supporting Information). The current-voltage rela-
tionship in these Ca
2þ-containing solutions exhibits a unitary
conductance of 62.5 ( 10.2 pS (n = 5). Our observations
therefore demonstrate that MG23 can form an ion channel that
ispermeabletobothK
þandCa
2þ.AfterincorporationofMG23
intobilayers,current-voltage relationshipswereobtained under
bi-ionic conditions (cis, 210 mM K
þ; trans,6 5m MC a
2þ). The
reversal potential was calculated to be -6.9 (- 3.7 mV (n =3 )
after correction for the junction potentials arising between the
diﬀerent solutions (Figure S6 of the Supporting Information).
UsingtheFatt-Ginsborgequation,thePCa2þ/PKþforMG23was
thencalculatedas1.1(0.2(n=3),whichsuggeststhatMG23is
approximately equally permeable to Ca
2þ and K
þ.
Figure 3. EM analysis of MG23 particles. (A) Raw EM images of recombinant MG23 particles. After adsorption to the glow-discharged carbon ﬁlm,
negativelystainedsampleswereimagedbyEM.(B)ImmunodecorationofMG23particles.RecombinantMG23bearinganti-HismAbs(toppanels)and
mAb-C (bottom panels) were imaged by EM. (C) Predicted membrane topology of the MG23 monomer from the hydropathicity proﬁle and limited
proteolytic analysis (left) and the membrane position (blue line) deduced from the volume calculation of the reconstructed MG23 (right). Scale bars
are 10 nm.2628 dx.doi.org/10.1021/bi1019447 |Biochemistry 2011, 50, 2623–2632
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Distinctive Characteristics and Voltage Dependence of
MG23 Channel Gating. In the majority of experiments with
MG23preparations,multipleactivechannelswereobservedinthe
bilayer. This occurred even when we saw what appeared to be
single fusion events of the liposomes into the bilayer. The
presence of multiple channels and the frequent brief open events
usually produced “messy-looking” or “flickery” single-channel
recordings. Another distinctive characteristic of MG23 gating
was the fact that multiple channels appeared to gate in unison so
that many channels opened and closed together in a coupled or
coordinatedmanner.Boththeflickerygatingandthecoordinated
channelopeningscanbeseeninthetwotypesofexperiments:one
inwhichK
þisthepermeantion(Figure7A)andanotherinwhich
Ca
2þ is the permeant ion (Figure 7B). In both channel measure-
ments,weobservedsingleopeningevents(asterisks),coordinated
gating of multiple channels (arrowheads), and long sojourns of
coordinatedgating(bar).Wehavenotidentifiedanytendencyfor
a preferred number of MG23 channels to gate together in
synchrony; this seems to be a random process. For example,
two channels may open and close together (as in Figure 7B), or
greater numbers of channels may gate in a synchronous fashion.
Because coordinated gating of multiple channels occurred
randomly and gating was usually very rapid giving rise to
ﬂickering events, it was very diﬃcult to measure the single-
channel open probability (Po) of MG23 channels. To examine
the voltage dependence of MG23 channel gating, we therefore
used noise analysis (see Figure 7C for a typical example). At 10
mV (channel openings are downward deﬂections), Po was fairly
low, although there were several coordinated channel opening
events. At -10 mV (channel openings are upward deﬂections),
thereweremorechannelopenings,andat-20mV,thechannels
becameveryactiveanditwasobviousthatthereweremanychan-
nels present in the bilayer. The strong voltage dependence of
MG23 is an important distinguishing feature of this channel and
wasobservedineveryexperiment.Typically,channelactivitywas
low around 0 mV but rapidly increased as the holding potential
was made more negative. Holding potentials above -30 mV
tended to break the bilayer because of the large currents.
’DISCUSSION
We successfully puriﬁed MG23 proteins from both rabbit
muscleSRandrecombinantyeastusingaﬃnitychromatography.
The original EM images of the MG23 preparations themselves
clearly suggested that the predominant large particles are mor-
phologically identical in native and recombinant MG23 prep-
arations. However, even after the size fractionation of highly
puriﬁed MG23 by sucrose gradient centrifugation, MG23 parti-
cles were not uniform in size. In the MG23 preparations, the
predominant component was the bowl-shaped particle with
6-fold symmetry (Figure 4), but we also detected the smaller
crescent-shaped particles as the second most common compo-
nent (Figure 5). The application of chemical cross-linkers to
MG23preparationsreproduciblygeneratedthehomohexameras
a putative basic self-assembly unit (Figure 2). However, it is
unlikely that these larger and smaller structures observed using
EM represent hexameric and monomeric MG23, respectively.
ThisisbecausetheMG23monomerat23kDa,composedof210
amino acids, is too small for EM observation (for reference, see
the images of 150 kDa mAbs in Figure 3B). We therefore
propose that the crescent-shaped particle is a hexameric mini-
mum structural subunit of MG23, and that multiple subunits
subsequently constitute a larger assembly such as the bowl-
shapedstructure.Withtheavailabledata,wecouldnotdetermine
the exact number of crescent-shaped subunits that would make
upthefullparticle,butbiochemicalandstructuralanalysispoints
to a number composed of two to six subunits. Fitting of more
than six crescent-shaped subunits to the bowl-shaped structure
seemed impossible. We present a docking of six crescent-shaped
subunits as the most plausible model (Figure S4 of the Support-
ing Information). The 3D map of the crescent-shaped subunit
(Figure 5B) is contoured at an isosurface containing a volume
corresponding to 138 kDa (23 kDa   6), and the bowl-shaped
particle(Figure4B)at828kDa(138kDa 6)usingImagicV,
19
assuming a hexagonal assembly of the crescent-shaped subunit.
However, this simulation could not exclude other possibilities of
subunit construction in the bowl-shaped particle.
MG23isexpressedinvariouscelltypesandlocalizedintheSR/
ER and nuclear membranes.
11 Our bilayer experiments demon-
strate that recombinant MG23 prepared using DDM or NP-40 as
a detergent forms cation channels displaying little diﬀerence in
permeabilitybetweenK
þandCa
2þ.MG23gatingbehaviorisvery
unusual; the simultaneous openings (and therefore apparent
Figure 4. Reconstruction of the larger-sized MG23 particle. (A) First
row, representative raw images; second row, corresponding class
averages; third row, surface representations of the 3D reconstruction;
fourth row, projections of the 3D reconstruction. Consistency among
data sets is very high in size, shape, and inner structure, indicating
successful 3D reconstruction from the original images of recombinant
MG23 particles. (B) Surface representation of two MG23 structures
fromtop(left)andoblique(right)views.Dimensionsofthelarger-sized
bowl-shaped structure are 12 nm (height), 16 nm (wide side length),
and 17 nm (diagonally at the widest transmembrane region). The scale
bars are 10 nm.2629 dx.doi.org/10.1021/bi1019447 |Biochemistry 2011, 50, 2623–2632
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coordination) of seemingly random numbers of MG23 channels
were a consistent feature of the gating of this channel (Figure 7).
As described above, particle image analysis implies that the
crescent-shaped subunits are unstably assembled into the bowl-
shaped particle that is equipped with a putative central pore.
Although we can only speculate about how MG23 conducts ions,
the unusual gating features could be caused by the proposed
instability of the bowl-shaped particle. For example, MG23 may
operate as a single conduction pathway with a central pore in the
bowl-shaped assembly. During the disintegration and re-forma-
tion of the assembly, the proposed channel pore might display
multiple conductance states and could pass huge currents super-
ﬁcially observed as simultaneous gating events. Alternatively, it
maybepossiblethatthecrescent-shapedsubunitsformtheunitary
ionchannelandcangateindependentlyinthebilayer.Inresponse
to the structural transitions of the bowl-shaped assembly, the
resulting conformational changes might aﬀect ionic conduction
through each crescent-shaped channel or could induce the
simultaneous openings of the multiple-channel components. On
thebasisofourreconstructed3Dparticleimages,itisnotpossible
to locate the ion conduction pathway of the MG23 channel.
However, if MG23 is to follow the structural conventions of ion
channels with known X-ray crystal structures, the apparent thick-
ness at the transmembrane region of the crescent-shaped subunit
(FigureS2oftheSupportingInformation)suggeststhatitmaybe
too narrow toform a unitary conduction pathway, hence favoring
the idea of a single central pore in the bowl-shaped particle.
A novel ER/SR cation channel such as MG23, exhibiting no
obvious selectivity for monovalent over divalent cations, would
be expected to contribute signiﬁcantly to the regulation of
cellular Ca
2þ homeostasis. There are many aspects of intracel-
lular Ca
2þ release that are not fully understood, and characteriz-
ing the biophysical properties of SR proteins such as MG23 will
be important in resolving these issues. For example, electrogenic
release of Ca
2þ from and reuptake of Ca
2þ into the ER/
SR require synchronized counterion movements to balance
the buildup of charge asymmetry across the ER/SR mem-
brane,
5,6,30,31 yet the molecular machinery responsible for the
proposedcounterionﬂuxesremainsundeﬁned.MG23couldplay
some part in that process. The puriﬁed MG23 channel displays a
consistent voltage dependence of activation, indicating that it
incorporates into the bilayer in a ﬁxed orientation. SR vesicles
also form in a ﬁxed orientation
13 and are incorporated into
artiﬁcial membranes in a ﬁxed orientation such that the cytosolic
side of SR ion channels always faces into the cis chamber.
32
Because our biochemical data (Figures 1-4) indicate that puriﬁed
Figure 5. Reconstruction of the smaller-sized MG23 particle. (A) First
row, representative raw images; second row, corresponding class
averages; third row, surface representations; fourth row, projections of
the 3D reconstruction. (B) Dimensions of the smaller-sized crescent-
shaped molecule are 14 nm (height), 11 nm (wide side length), and
6nm(narrowsidelength).Themassivebowl-shapedparticleinFigure3
is considered to be an assembly of multiples of this small subunit. The
scale bars are 10 nm.
Figure 6. Single-channelbehaviorofMG23.(A)Representative single-
channel recordings of native MG23 from rabbit skeletal muscle in
solutions of symmetrical 260 mM KCl and 20 mM HEPES (pH 7.2).
The holding potentials are indicated, and O and C represent the open
and closed channel levels, respectively. (B) Single-channel current-
voltage relationship ofrecombinantMG23insymmetrical 260mMKCl
solutions (n = 3). (C) Single-channel current-voltage relationship of
recombinant MG23insymmetrical 260mMK-PIPESsolutions(n=5).
(D) Channel gating of recombinant MG23 with Ca
2þ as the permeant
ion.Thebathingsolutionscontained250mMHEPES,80mMTris(pH
7.2),and15μMfreeCa
2þinthecischamberand250mMglutamicacid
and 10 mM HEPES (pH 7.2) with Ca(OH)2 (free Ca
2þ concentration
of 65 mM) in the trans chamber. The holding potential was 0 mV.
Channelopeningsatholdingpotentialsmorepositivethan10mVcould
not be resolved. (E) Current-voltage relationship of MG23 under the
conditionsdescribedinpanelD(n=5).Thedatarepresentmeans(the
standard deviation.2630 dx.doi.org/10.1021/bi1019447 |Biochemistry 2011, 50, 2623–2632
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MG23, when reconstituted into liposomes, retains the same
orientationasnativeMG23inSRvesicles,itismostprobablethat
the cytosolic side also faces into the cis chamber. Thus, in a
cellular environment, given the voltage dependence of MG23
(Figure7),itwouldbeexpectedthatduringaCa
2þreleaseevent,
the ER/SR would become negative relative to the cytosol and
thiswouldreducethePooftheMG23channel,althoughitwould
notclosecompletely.Ifvoltagewastheonlycontrollinginﬂuence
on Po, MG23 would tend to be more open during reﬁlling of the
ER/SR stores or just before a Ca
2þ release event. MG23 may
therefore contribute to the spontaneous Ca
2þ leak that is known
to occur from intracellular stores in many cell types.
33-35 In
cardiac cells, this is termed diastolic SR Ca
2þ leak, and there is
growing evidence that this is increased in disease states such as
heart failure and leads to an increased likelihood of fatal cardiac
arrhythmias.
35-37 Indeed, in cardiac cells, it has been suggested
thattheremustbeanotherroutefortherelease ofCa
2þfromthe
SR during diastole apart from ryanodine receptors;
38 further
investigation is required to determine whether MG23 is that
pathway. On the other hand, the voltage dependence and
sporadic gating behavior of MG23 suggest that it may play a
more minor role in balancing charge asymmetry during a large
and rapid Ca
2þ release event (such as during a cardiac Ca
2þ
transient)thantherecentlycharacterizedTRICchannelsthatare
activated to high Po values as negative charge develops in the
SR.
9 The full magnitude of MG23’s contribution to counterion
currents,however,willnotberealized untilwehaveanimproved
understandingofwhetherthefunctionofMG23canberegulated
by soluble ligands or by other mechanisms such as phosphoryla-
tion and nitrosylation.
There is recent evidence that MG23 is involved in the process
that leads to cell death because apoptotic signaling is attenuated
in mutant thymocytes prepared from MG23-knockout mice.
12 It
is accepted that changes in the Ca
2þ content and leak of
intracellular stores can aﬀect the sensitivity to apoptotic death,
39
but the molecular identity of the leak pathway(s) has not been
identiﬁed. Our data, demonstrating that MG23 is permeable to
monovalent and divalent cations,suggest that MG23 could fulﬁll
that role. It is clear that much work is required to link the unique
structural features of MG23 to its equally unique behavior as an
ion channel. For example, does the transient assembly or break-
down of the bowl-shaped MG23 particle underlie the sporadic
activity of multiple MG23 channels opening simultaneously, or
does the production of MG23 bowls and their appearance in the
ER membrane lead to the destruction of ionic gradients across
the ER and immediate cell death? What is the role of MG23 in
nuclear membranes because it is clearly present there in high
levels? Again, to answer this question, we require a much more
detailed understanding of the ion conducting properties of
MG23 and of how MG23 channel gating can be regulated.
Investigating the phenotype of the knockout mouse will also
be vital in identifying the key physiological and pathophysiolo-
gical roles of the MG23 protein.
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